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The Hydroxynitrile Lyase from Almond:
A Lyase that Looks Like an Oxidoreductase
Introduction
Hydroxynitrile lyases (HNLs) are key enzymes for a pro-
Ingrid Dreveny,1 Karl Gruber,1 Anton Glieder,2
Andrew Thompson,3 and Christoph Kratky1,4
1Institut fu¨r Chemie
Karl-Franzens-Universita¨t cess known as cyanogenesis, i.e., the release of hy-
drocyanic acid (HCN) from damaged tissues. This pro-Heinrichstrasse 28
Graz A-8010 cess is widely distributed in higher plants, ferns, bacteria,
fungi, and insects [1], and the liberated HCN is believedAustria
2 Institut fu¨r Biotechnologie to serve as a defense against herbivoral and fungal at-
tack [2] or as a nitrogen source for the biosynthesis ofTechnische Universita¨t Graz
Petersgasse 12 L-asparagine [3]. Cyanogenesis is initiated by the
-glucosidase-mediated cleavage of cyanogenic glyco-Graz A-8010
Austria sides to form the corresponding carbohydrate and cya-
nohydrin, the latter being subsequently cleaved by HNL3 European Synchrotron Radiation Facility
BP 220 into HCN and the corresponding aldehyde or ketone
(Figure 1).Grenoble Cedex F-38043
France The hydroxynitrile lyase from almonds was among the
first enzymes whose activity was recognized by Wo¨hler
as early as 1837 [4]. Almost a century ago (in 1908),
the enzyme was already being studied and used as a
Summary biocatalyst [5]. Recently, hydroxynitrile lyases have
again attracted much interest for industrial biocatalysis
Background: Cyanogenesis is a defense process of [6], exploiting catalysis of the reverse of the biological
several thousand plant species. Hydroxynitrile lyase, a reaction, i.e., the enantioselective condensation of HCN
key enzyme of this process, cleaves a cyanohydrin into with a variety of aldehydes and ketones [7, 8].
hydrocyanic acid and the corresponding aldehyde or Two major classes of HNLs are known to date, which
ketone. The reverse reaction constitutes an important differ in the presence or absence of an FAD cofactor.
tool in biocatalysis. Different classes of hydroxynitrile Enzymes without FAD are quite heterogeneous with re-
lyases have convergently evolved from FAD-dependent spect to their substrate specificity, their mass, and their
oxidoreductases, / hydrolases, and alcohol dehydro- sequence [9]: while the sequences of HNLs from Hevea
genases. The FAD-dependent hydroxynitrile lyases (FAD- brasiliensis (HbHNL) and Manihot esculenta are distantly
HNLs) carry a flavin cofactor whose redox properties homologous to two proteins of unknown function from
appear to be unimportant for catalysis. rice [10], the sequences of Sorghum bicolor and of Li-
num usitatissimum are related to serine carboxypepti-
dases [11] and to members of the Zn2-containing alco-
Results: We have determined the crystal structure of
hol dehydrogenase family, respectively [12].
a 61 kDa hydroxynitrile lyase isoenzyme from Prunus
The known FAD-dependent HNLs (EC 4.1.2.10), FAD-
amygdalus (PaHNL1) to 1.5 A˚ resolution. Clear electron
HNLs, are single-chain glycoproteins with their natural
density originating from four glycosylation sites could
substrate being exclusively (R)-()-mandelonitrile, which
be observed. As concerns the overall protein fold includ-
they cleave to yield benzaldehyde and HCN. They have
ing the FAD cofactor, PaHNL1 belongs to the family
so far been isolated from two subfamilies within the
of GMC oxidoreductases. The active site for the HNL
Rosaceae plant family [13]. Sequence and biochemical
reaction is probably at a very similar position as the
data are available for FAD-HNLs from the Prunoideae
active sites in homologous oxidases.
subfamily, i.e., from almonds (Prunus amygdalus, PaHNL
[14, 15]) and black cherries (Prunus serotina, PsHNL
[16–18]). Sequence information is available for five iso-Conclusions: There is strong evidence from the struc-
enzymes from PsHNL (mdl1–mdl5) and for one isoformture and the reaction product that FAD-dependent hy-
(out of four currently known) of PaHNL (mdl1, showingdroxynitrile lyases have evolved from an aryl alcohol
closest homology to the mdl5 sequence from P. sero-oxidizing precursor. Since key residues implicated in
tina). The isoenzymes from P. amygdalus have similaroxidoreductase activity are also present in PaHNL1, it is
molecular masses (60 kDa) but differ in sequence andnot obvious why this enzyme shows no oxidase activity.
glycosylation, as discussed below.Similarly, features proposed to be relevant for hydroxy-
FAD-HNLs are distantly related to members of thenitrile lyase activity in other hydroxynitrile lyases, i.e., a
glucose-methanol-choline-oxidoreductase (GMC) fam-general base and a positive charge to stabilize the cya-
ily (up to 30% sequence identity) [19, 20]. Three-dimen-nide, are not obviously present in the putative active
sional structural data are available for two members ofsite of PaHNL1. Therefore, the reason for its HNL activity
this family, i.e., for glucose oxidases (GOX) [21, 22] andis far from being well understood at this point.
Key words: cyanogenesis; cyanohydrin; FAD-dependent enzyme;
flavin; GMC oxidoreductase; X-ray crystallography4 Correspondence: christoph.kratky@uni-graz.at
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isolated from dried almond seeds was used (see Experi-
mental Procedures). It turned out that the sequence
corresponds to a new isoenzyme from P. amygdalus
and shows closest homology (97% identity) to the mdl1
gene from P. serotina, whereas the published almond
mdl1 sequence shows closest homology to the mdl5 of
P. serotina. Therefore, the sequence of the protein used
for the present crystal structure analysis is labeled
hnl1_pa.
Description of the Overall Structure
Two PaHNL1 molecules (of approximate dimensions
78 A˚  52 A˚  46 A˚) related by a noncrystallographic
dyad are present in the unit cell and share a buried
surface area of about 910 A˚2. They can be superimposed
Figure 1. The Biological Role of Hydroxynitrile Lyases in Plant Cya- with a root-mean-square (rms) distance of 0.54 A˚ (C
nogenesis atoms), the maximum distance between two equivalent
atoms being 8.25 A˚. These largest deviations were ob-
served for a bend between residues 225 and 227, which
cholesterol oxidases (CHOX) [23, 24]. While GMC oxido- adopts different conformations in the two molecules.
reductases as well as most other flavin-dependent en- Apart from this region, both molecules adopt very similar
zymes typically catalyze redox reactions (or reactions conformations. Stereo diagrams of the C trace and a
that involve at least one redox step), the FAD-HNLs ribbons representation of one molecule are shown in
(which catalyze a condensation reaction) are among the Figure 3, and a topology diagram of secondary structure
very few FAD-dependent enzymes that do not appear elements is given in Figure 5.
to exploit the cofactor’s redox properties. In fact, there PaHNL1 contains four potential N-glycosylation sites
is no evidence that the cofactor directly participates at Asn118, Asn135, Asn352, and Asn392, characterized
in catalysis of this enzyme [25]. Instead, the FAD was by the consensus sequence Asn-X-Ser/Thr. All four sites
proposed to have a “structural role” [15, 16, 25], to have are glycosylated in the crystal structure, as revealed by
a regulatory function [26], or to be merely an evolutionary difference density maps computed in the course of the
remnant of an FAD-dependent ancestor [25]. refinement (Figure 4b). However, the quality of the car-
Native 3D structural data for hydroxynitrile lyases are bohydrate density varies among the eight sites in the
known for the HNL from Hevea brasiliensis (HbHNL),
two crystallographically independent molecules, and
which belongs to the class of / hydrolases and carries
the density typically fades out with increasing distance
no FAD cofactor [27, 28]. Three-dimensional coordi-
from the protein surface. Thus, only one or two N-acetyl
nates are also available for the related enzyme (76%
glucosamine (GlcNAc) and up to two mannose (Man)sequence identity) from Manihot esculenta (Protein Data
units were observed at each site with diffuse densityBank code 1dwp). Insight into residues relevant for ca-
indicating that the chain would proceed farther. Thetalysis for both enzymes emerged from mutagenesis
carbohydrates were fitted under the assumption of adata [10, 29], from structural data of substrate and inhibi-
Man3GlcNAc2core known to constitute the minimal com-tor complexes [30–32], and from molecular modeling
mon structure of N-glycosylation sites [34]. At positionstudies [33].
352, only the first N-acetyl glucosamine could be identi-Here, we report the crystal structure of an FAD-depen-
fied. With the exception of the glycosylation site atdent hydroxynitrile lyase at 1.5 A˚ resolution. The relation
Asn118, density also revealed an (1,3)-fucose to beof this structure to other HNLs as well as to GMC oxido-
linked to the first GlcNAc, suggesting that these glycansreductases is discussed.
are of the complex type. The reason why no (1,3)-
fucose is observed at the Asn118 site may be an inac-Results
cessibility for the (1,3)-fucosyltransferase resulting
from steric interference with Asn323.We have determined the crystal structure of a hydroxyni-
The structure of PaHNL1 can be described with re-trile lyase from P. amygdalus (PaHNL1, the product of
ference to the family of GMC oxidoreductases, to whichthe hnl1_pa sequence; Figure 2) to a resolution of 1.5 A˚
it belongs according to sequence evidence [20]. Broadly(Figure 3). Triclinic crystals were grown from nonrecom-
speaking, the molecule consists of two domains, anbinant protein isolated from almonds, and the structure
“FAD-binding” and a “substrate-binding” domain. Thewas solved by multiple wavelength anomalous disper-
FAD-binding domain mainly contains two sheets (A andsion (MAD) of a mercury derivative. The structure is well
B) surrounded by sixhelices (H1, H2, H3, H5, H6, and H9)defined, as illustrated by Figure 4, which shows the
and two 310-type helices, and it shows close homologyexperimental density of the cofactor and of one glycosyl-
to other dinucleotide binding proteins [35] with the ation site. After initial structure refinement with a puta-
meander (B2–B4) and the  (A3-H1-A2) motif in thetive but incomplete assignment of amino acids, DNA
central parallel sheet being responsible for dinucleotideprimers were designed to determine the complete geno-
mic sequence of the corresponding gene (Figure 2). DNA binding. The N- and the C-termini are located at the
FAD-Dependent Hydroxynitrile Lyase
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Figure 2. Structure-Based Sequence Alignment
Sequence alignment based on a structural superposition: hnl1_pa, hydroxynitrile lyase from Prunus amygdalus isoform 1 (sequence of present
crystal structure); mdl1_ps, isoform 1 from P. serotina (Swissprot entry P52706, [16]); mdl1_pa, published isoform from P. amygdalus (Swissprot
entry O24243 [14]); gox_penag, glucose oxidase from Penicillium amagasakiense (Swissprot entry P81156, [20]); chox_strsq:, cholesterol
oxidase from Streptomyces sp. (strain SA-COO) (Swissprot entry P12676, [71]); and aao_per, aryl-alcohol oxidase from Pleurotus eryngii (SP-
Trembl entry O94219, [53]). Residues have been highlighted as follows: underlined, consensus patterns; yellow, FAD-binding interactions;
green, cysteins involved in disulfide bridges, cis-prolines, and glycosylated asparagines; blue, putative active site residues.
Structure
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Figure 3. Stereoscopic Representations of
One Molecule of PaHNL1
(a) C-trace, with every 20th residue labeled.
(b) Ribbon representation of secondary struc-
ture elements. The coloring is described in
Figure 5. The figures were produced with
MOLSCRIPT [72] and Raster3D [73].
surface of the FAD-binding domain. The substrate bind- residues also include the consensus patterns typical for
the class of GMC oxidoreductases [19].ing domain is characterized by a six-stranded  sheet
(C0–C5), surrounded by helices H4, H7, and H8 and one Contrary to the above coarse division of the PaHNL1
structure into “FAD binding” and “substrate binding”310-type helix (Figures 3 and 5).
domains, five domains (Figure 5) were distinguished for
GMC oxidoreductases [20]. Topologically, all five do-
PaHNL1 and the GMC Oxidoreductases mains are also present in the PaHNL1 structure, al-
The alignment of the hnl1_pa sequence shows weak though there are structural (and possibly functional) dif-
homology (up to 24% identity) to the sequences of glu- ferences in some of the domains. Not surprisingly, the
cose oxidase (GOX) and cholesterol oxidase (CHOX). FAD binding region is highly conserved and comprises
Indeed, the structure of PaHNL1 superimposes well on the classical FAD binding motifs (see above; [35]). Larger
the two GMC oxidoreductases (2.7 A˚ rms deviation differences occur for the four other domains, e.g., the
[rmsd] for 470 out of 587 matched residues of glucose extended FAD binding domain, which forms a loop cov-
oxidase from Penicillium amagasakiense, and 3.3 A˚ for ering the active-site entrance in CHOX [23, 38] and is
381 out of 498 residues of cholesterol oxidase from shortened in PaHNL1. The most variable region is the
Streptomyces sp. (strain SA-COO), according to the pro- intermediate region (green), in which only two helices
gram DALI [36, 37]), and this superposition served as a and one strand are conserved. The FAD-covering lid
basis for the generation of a structure-based sequence (yellow) has about the same length as in CHOX, whereas
alignment (Figure 2). Evidently, there are numerous con- it is much shorter than in GOX. The length of this loop
served residues between the two structurally character- is believed to be linked with dimer formation and con-
ized GMC oxidoreductases and the hydroxynitrile lyase, comitant FAD binding [20, 21]. Indeed, while GOX occurs
many of which are either directly involved in FAD binding as a dimer, both CHOX and PaHNL1 are probably mono-
meric in solution [18, 24].or are located near the FAD cofactor. These conserved
FAD-Dependent Hydroxynitrile Lyase
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Figure 4. Experimental Electron Densities
2Fo Fc density map of the isoalloxazine ring of the FAD cofactor. (a) Drawn at a  level of 1.5, and (b) of the sugar rings attached to Asn392,
at 1.2 . Figure generated with MOLSCRIPT [72] and Raster3D [73].
The Environment of the FAD Cofactor cofactor. Structural data on enzyme-substrate com-
plexes as well as mutagenesis data have led to theThe FAD cofactor is deeply buried within the molecule
and is completely isolated from bulk solvent. Its environ- identification of a catalytically relevant tetrad consisting
of residues His447, Glu361, and Asn485 plus a con-ment is similar between PaHNL1 and GMC oxidoreduc-
tases. A schematic representation of the FAD binding served water molecule for CHOX [24, 38, 40]. A superpo-
sition of the active site of CHOX with the structurallyin PaHNL1 is given in Figure 6. It shows numerous hydro-
gen bonding interactions between cofactor and protein, corresponding region of PaHNL1 (Figure 7a) shows con-
siderable structural similarity between the two enzymes:involving predominantly main chain NH and CO groups
plus several water molecules. Many of these interactions His447 in CHOX superimposes with His459 in PaHNL1,
and both structures have a water molecule at closelyare also observed in GMC oxidoreductases. Residues
conserved between PaHNL1 and GMC oxidoreductases corresponding locations. Differences are observed for
the following residues: Asn485 (CHOX) superimposesin the vicinity of the cofactor include Glu55, several gly-
cines (33, 35, 57, 104, and 105), Asp486, Ser488, Asn110, with His497 (PaHNL1) and Glu361 (CHOX) with Cys328
(PaHNL1). His459, which is located in a loop betweenAla42, and Leu45, all of which have been implicated in
cofactor binding, although not all of them interact di- H8 and D4, is strictly conserved among all GMC oxidore-
ductases and FAD-dependent hydroxynitrile lyases (Fig-rectly with the FAD [20, 35, 39]. Also conserved is the
relative arrangement between the cofactor and helices ure 2). The conserved water molecule is suspended be-
tween N(5) of the isoalloxazine ring and the imidazoleH1 and H9, whose dipolar interactions were suggested
to stabilize the cofactor [35]. of the conserved histidine (Figure 6). This water molecule
is slightly shifted relative to the cofactor in GOX, where
it is less favorably positioned to form a hydrogen bondDoes PaHNL1 Show the General Active Site
to the N(5). His497 (which replaces Asn485 in CHOX) isFeatures of Other GMC Oxidoreductases?
conserved among all known FAD-HNL sequences. InIn the absence of structural data for a complex between
fact, in glucose oxidase, this position is also occupiedPaHNL1 and a substrate or inhibitor—which form the
by a histidine. Cys328 (replacing Glu361 in CHOX andsubject of ongoing research—identification of the active
Phe418 in GOX) is not completely conserved amongsite and of residues involved in enzyme catalysis has to
FAD-HNLs. The structure solution involved the genera-rely on indirect evidence, e.g., comparison with related
tion of a mercury derivative by soaking native crystals inenzymes. However, this is complicated by the fact that
a solution of methylmercuric acetate (see Experimentalthe structurally related class of GMC oxidoreductases
Procedures), and in fact, density corresponding to threecatalyzes an entirely different type of chemical transfor-
mation, which involves direct participation of the FAD mercury atoms was observed near Cys328, Tyr457, and
Structure
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Figure 5. Topology Diagram
Topology of secondary structure elements in the crystal structures of hydroxynitrile lyase 1 from Prunus amygdalus (PaHNL1), glucose oxidase
from Penicillium amagasakiense (GOX), and cholesterol oxidase from Streptomyces sp. (strain SA-COO) (CHOX). The color coding refers to
the domain classification for GMC oxidoreductases [20]: FAD binding domain, blue; extended FAD binding domain, gray; FAD-covering lid,
orange; flavin attachment loop and intermediate region, green; and the substrate-binding domain, red. The less-detailed description in terms
of only two domains (FAD binding and substrate binding) is indicated by a dotted horizontal line.
His497 (Figure 7b). Mercury compounds such as HgCl2 Discussion
are known to inhibit the FAD-HNL from P. serotina [18],
suggesting that the active site of PaHNL1 is indeed close PaHNL1 Is a Paradigm for FAD-HNL Structures
Since all the known sequences of FAD-dependent HNLsto these mercury binding sites since the other mercury
sites were observed at the protein surface. (sequences of five isoenzymes from PsHNL and two
isoenzymes from PaHNL) are highly homologous (atA narrow, approximately 16 A˚ tunnel, flanked by mostly
hydrophobic residues, connects this putative active-site least 76% identity), the overall topology is very likely
conserved. PsHNL1 is 97% identical to PaHNL1, theregion with the protein surface. The surface potential of
this tunnel and the FAD environment is shown in Figure isoenzyme whose structure is reported here. The disul-
fide bridge between residues Cys399 and Cys450 (which7c and reveals a positive electrostatic potential toward
the bottom of the tunnel. This contrasts with the situation connects helices H7 and H8) is conserved, as are two
of the three cis-prolines at positions 169 and 365. Atin GOX and CHOX; while the tunnel is in a topologically
similar location in the two oxidoreductases, there is a position 226, only the seed-specific isoenzymes from
almond and black cherry contain a proline. Eleven oflong loop blocking the entrance to the active site cavity
in CHOX, while in GOX the active site cavity is more the 20 salt bridges appear also to be conserved. How-
ever, FAD-HNLs vary in the degree of glycosylation sinceopen with one side of its entrance formed by residues
of the second molecule of the dimer. More significantly, other isoenzymes have up to 13 putative N-glycosylation
sites. However, Asn118, Asn135, and Asn352 (constitut-however, is the electrostatic potential around the active
site, which is more negative in the two oxidoreductases. ing three of the four glycosylation sites of PaHNL1) are
conserved among all FAD-HNLs, and at positions 118This is caused by an excess (relative to PaHNL1) of
acidic residues and the lack of two basic residues, and 352 the recognition sequence for N-glycosylation
Asn-X-Ser/Thr is conserved. While there is no specificArg300 and Lys361, located 10 A˚ and 9 A˚ away from
the N(5). biological function known for the glycosylation of this
FAD-Dependent Hydroxynitrile Lyase
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family of GMC oxidoreductases [19], with closest struc-
tural similarity to glucose oxidase [21, 22].
The occurrence of an FAD cofactor in this nonredox
enzyme is intriguing and suggests that the cofactor is an
evolutionary remnant from an oxidoreductase precursor
that has exchanged its catalytic competence. However,
the enzyme still shows striking features believed to be
required for oxidase activity; it has retained the capabil-
ity to generate the cofactor in three oxidation states
(oxidized, reduced, and an intermediate semiquinone
form), of which only the oxidized form shows HNL activ-
ity [25, 26]. Like in other oxidases, the cofactor in the
reduced forms can be oxidized by air [46]; once oxidized,
it can form a sulfite adduct at the N(5) position of the
isoalloxazine ring [46], and photochemical one-electron
reduction leads to the red anionic flavin radical rather
than the blue neutral FAD radical [47]. In contrast to
oxidases, however, the PaHNL activity is insensitive to-
wards modifications in the pyrimidine ring of the FAD,
such as the introduction of 2-thioFAD [48] or the irrevers-
ible conversion of 5-deazaFAD to the 6,7-dimethyloxa-
zolo[4,5-b]-quinolin-2(4H)-one [25, 49]. No O2-uptake is
observed in the presence of the natural substrate [26].
There is strong evidence that the catalytic cycle of the
wild-type enzyme does not involve the FAD in any state
other than the oxidized state since there are no detect-
able spectral changes on addition of either mandeloni-Figure 6. The FAD Cofactor and Its Protein Environment in the Crys-
trile, benzaldehyde, or HCN [25, 26].tal Structure of PaHNL1
Potential hydrogen bonding interactions are indicated as dotted
lines; red dotted lines denote interactions that are conserved be-
Aryl-Alcohol Oxidases Are the Closest Relativestween PaHNL1, GOX, and CHOX. Only water molecules directly
interacting with the FAD cofactor were included in the drawing. The of FAD-HNLs
drawing was generated using the program LIGPLOT [74]. Members of the GMC-oxidoreductase family typically
catalyze the oxidation of unactivated alcohols. It is
tempting to speculate from their similarity to oxidases
enzyme, deglycosylation does not affect the enzymatic and from their biological substrate that FAD-HNLs may
activity (data not shown). have evolved from an aryl-alcohol-oxidizing precursor,
specifically from an enzyme capable of oxidizing benzyl
alcohol to the corresponding aldehyde. This is also sug-PaHNL1 Is Structurally Related to GMC
Oxidoreductases gested by the (not surprising) observation that benzyl
alcohol acts as a competitive inhibitor of FAD-HNL [18,To date, hundreds of different flavin-dependent en-
zymes are known to catalyze a large variety of different 50]. While no such aryl-alcohol oxidases (AAO) are
known for plants to date, they were described for fungireactions [41]. The vast majority of these enzymes cata-
lyze reactions in which at least one step during the [51] and for several species of gastropods [52]. Their
affiliation to the family of GMC oxidoreductases wascatalytic cycle involves electron transfer to or from the
flavin cofactor. Only very few examples are known in suggested for the Pleurotus eryngii enzyme from the
homology to GOX (about 30% sequence identity), fromwhich no redox step is implicated in catalysis. A “struc-
tural role” has been suggested for the FAD cofactor of which close structural similarity was inferred [53, 54].
The main argument for an AAO-type enzyme being thethese “unusual” flavin enzymes, which include thiamin-
dependent glyoxalate carboligase [42, 43], acetolactate ancestor of FAD-HNLs, however, is that both AAO and
FAD-HNL have the same biological-reaction product,synthase [44, 45], and the FAD-dependent hydroxynitrile
lyases. For glyoxylate carboligase [42] and for acetolactate i.e., benzaldehyde.
No 3D structural data have been reported for AAO tosynthase [45], the FAD is believed to induce oligomeriza-
tion, and an evolutionary relationship to pyruvate oxi- date, but its crystal structure analysis is under way [55].
From its sequence homology to GOX, a homology modeldases has been suggested [44]. For the FAD-dependent
HNLs, the role of the FAD is less obvious, but apo-HNL was proposed [54], which also superimposes well with
the PaHNL1 structure. In fact, this model can be usedis inactive, unstable, and degrades within minutes [15].
The present work on the hydroxynitrile lyase from P. to aid in an alignment of the AAO with PaHNL1, which
results in 26% identical residues. The correspondingamygdalus (PaHNL1) describes the first crystal structure
of such an atypical flavin-dependent enzyme, in which alignment between PaHNL1 and GOX yields only 22%
sequence identity. Another notable feature concerns thethe cofactor does not act as electron donor or acceptor.
Nevertheless, the crystallographic results unambigu- identity of two catalytic residues in GMC oxidoreduc-
tases; while one histidine is conserved among all mem-ously confirm that the PaHNL1 structure belongs to the
Structure
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Figure 7. The Active Site of PaHNL
(a) Superposition of the crystal structures of cholesterol oxidase (CHOX, PDB 1b4v; [24]) with hydroxynitrile lyase from P. amygdalus (PaHNL1).
The vicinity of the FAD cofactor is shown, containing the active site in CHOX. The figure was generated by superimposing the pyrazine portion
of the cofactor’s isoalloxazine ring. Note that the water molecule (W) is present in both structures at very similar locations. Red labels
correspond to PaHNL1, blue labels to CHOX.
(b) The putative active site of PaHNL1, with electron density of three mercury atoms (2Fo Fc map, 2  contour level).
(c) The channel leading from the surface of PaHNL1 to the isoalloxazine ring of the FAD. The molecular surface was generated with the
program GRASP [75] and colored according to the electrostatic surface potential. Regions of positive potential are drawn in blue, and regions
of negative potential are drawn in red. To calculate the electrostatic potential (program GRASP [75]), default partial atomic charges were
assigned to the peptide groups of the protein and to the side chains of Asp-, Glu-, Lys-, and Arg-residues. Two negative charges were
assigned to the biphosphate moiety of the flavin cofactor (distributed over the respective oxygen atoms). The dielectric constant of the protein
and the cofactor were set to 4, that of the exterior bulk solvent to 80, and a salt concentration of 0.1 M was assumed.
bers of this class (including AAO and PaHNL1, for which observations: the presence of a cavity near the cofactor,
which is connected with the protein surface by a narrowthis residue is His459), the position corresponding to
residue His497 in PaHNL1 is typically occupied by as- tunnel (Figure 7c); three mercury binding sites near the
FAD causing inhibition of HNL activity (Figure 7b); andparagine in GMC oxidoreductases, with the notable ex-
ception of GOX and AAO, in which histidine is found as inhibition of HNL activity by the formation of a sulfite
adduct at the N(5) atom of the isoalloxazine ring [25].in PaHNL1.
Thus, it appears that the enzyme has inherited from its
evolutionary ancestor not only its overall protein foldLocation of the Active Site in PaHNL1
and its FAD cofactor, but also the location of the activeAlthough structural data on complexes between PaHNL1
site cleft.and one of its substrates or a competitive inhibitor are
not available at this point, there is strong evidence (see
above) that, very similar to the active site in the related Why Is PaHNL1 a Hydroxynitrile Lyase?
The molecular mechanism for the addition of HCN toFAD-dependent oxidases, the active site is located near
the FAD cofactor. This is supported by the following aldehydes or ketones is well understood for the reaction
FAD-Dependent Hydroxynitrile Lyase
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Table 1. Data Collection Statistics
Inflection Point 1 Peak Inflection Point 2 Native 1 Native 2
Cell parameters
a, b, c (A˚) 56.2, 64.7, 79.0 56.2, 64.7, 79.0 56.2, 64.7, 79.0 56.2, 65.0, 79.3 56.2, 67.5, 79.8
, ,  () 81.4, 78.0, 69.0 81.4, 78.0, 69.0 81.4, 78.0, 69.0 80.9, 77.8, 68.7 79.6, 77.8, 67.2
Wavelength (A˚) 	1 
 1.00904 	2 
 0.918407 	3 
 1.00888 	 
 0.8428 	 
 0.933
Dmin (A˚) 2.1 2.1 2.1 1.8 1.45
Completeness (%) (last shell) 97.9 (96.7) 96.2 (96.9) 60.8 (61.4) 98.0 (95.6) 68.3 (30.5)a
Number of total reflections 225,721 224,078 95,373 189,703 316,821
Number of unique reflections 115,837 113,926 72,077 95,773 128,976
I/I (last shell) 20 (8.7) 17.5 (7.1) 15.7 (6.2) 20.5 (5.6) 23.6 (2.1)
Wilson plot B factor (A˚2) 18.7 17.7 19.9 17.2 14.5
Overall Rmergeb (%) (last shell) 3.5 (10.9) 4.4 (11.5) 3.4 (10.8) 2.9 (12.5) 4.5 (–)a
a Native data set 2 is 95% complete to a resolution of 1.74 A˚ with an Rmerge of 9.8% in the 1.78–1.74 A˚ shell.
b Rmerge 
 |I  I|/I
in solution [56] and involves the nucleophilic attack of of which appears to be particularly activated. As con-
cerns the positive charge that would stabilize the cya-the cyanide onto the carbonyl carbon. The reverse reac-
tion, cyanohydrin cleavage, is initiated by deprotonation nide, there is no lysine or arginine residue in the close
neighborhood of the cofactor. However, as mentionedof the cyanohydrin hydroxyl. For the FAD-independent
hydroxynitrile lyases from Hevea brasiliensis [27] and above, PaHNL1 shows a more positive electrostatic po-
tential in the vicinity of the isoalloxazine moiety of thefrom Manihot esculenta [31, 32], both of which adopt an
/ hydrolase fold, analogous mechanisms have been FAD than the related oxidoreductases, which could con-
tribute to the stabilization of the cyanide ion.deduced from 3D data on enzyme-substrate and en-
zyme-inhibitor complexes [30–32] and from molecular In summary, the molecular mechanism of the FAD-
HNL-catalyzed cyanohydrin formation or cleavage is farmodeling [33]; residues relevant for catalysis of the
Hevea enzyme include the catalytic triad, consisting of from being established at this point and has to await the
results of further experiments, specifically of structuralAsp, His, and Ser (the triad is also essential in / hy-
drolases), plus a nearby lysine. The mechanism pro- studies on enzyme-substrate and enzyme-inhibitor com-
plexes as well as kinetic data on mutant enzymes. Sev-ceeds via acid/base catalysis involving the catalytic triad
but without forming a covalent intermediate at the ser- eral such experiments are underway in our laboratory.
ine, and the lysine is believed to stabilize the negative
charge of the cyanide. In addition, a threonine residue Why Is PaHNL1 not an Oxidase?
With regard to its structure and to the architecture ofholds the substrate by a hydrogen bond [30, 33]. Inter-
estingly, the putative active site of PaHNL1 neither con- the putative active site, PaHNL1 is strikingly similar to
GMC oxidoreductases. Moreover, PaHNL1 shows atains a catalytic triad or another obvious general base
nor a nearby basic residue that could stabilize the nega- number of chemical features believed to be characteris-
tic of oxidases (see above: sulfite adduct, red semiqui-tive charge of cyanide. A cysteine was suggested to be
essential for FAD-HNL activity [18, 57, 58]. However, none form, and regeneration of the cofactor by air). Ben-
zyl alcohol is known to act as a competitive inhibitor ofCys328 is replaced by an isoleucine and a valine in
two of the known sequences of FAD-dependent HNLs, FAD-HNLs [18, 50], but to our knowledge its transforma-
tion to benzaldehyde has not been reported, nor hasindicating that this residue cannot play a very important
role in catalysis. the oxidation of any other alcohol. This is particularly
surprising since one could speculate that the more posi-One could speculate from the affiliation of PaHNL1 to
the class of GMC oxidoreductases that individual steps tive electrostatic potential around the isoalloxazine moi-
ety should even raise the redox potential of the cofactorof the oxidation reaction mechanism might have been
preserved for the HNL reaction. The mechanism of the relative to GOX and CHOX. The reason for the lack of
oxidase activity in PaHNL1 is thus far from obvious andoxidation reaction of GMC oxidoreductases is still a
matter of debate, but mechanistic proposals involve de- might constitute a challenging scientific problem. The
situation is somewhat similar to the (R)-specific HNLprotonation of the alcohol OH by a general base, which
is believed to be either directly a histidine side chain from Linum usitatissimum, which has apparently evolved
from Zn2 binding alcohol dehydrogenases, but no de-or a conserved water molecule hydrogen bonded to
histidine. Interestingly, different residues were sug- hydrogenase activity could be detected for this enzyme,
either [12].gested as general bases in GOX and CHOX; in GOX,
the imidazole of His497 (numbering corresponds to the
PaHNL1 sequence) is believed to act as a general base, Biological Implications
activated by a nearby glutamic acid residue [22, 59],
while in CHOX, the histidine corresponding to His459 Cyanogenesis occurs in several thousand plant species
and serves at least as a defense mechanism. Hydroxyni-was suggested to act as a general base through the
conserved water molecule at the re-face of the isoalloxa- trile lyase (HNL) is a key enzyme required for this pro-
cess; it catalyzes the decomposition of a cyanohydrinzine ring [24, 38, 40]. Thus, in analogy to these GMC
oxidoreductases, possible candidates for the general into HCN and the corresponding aldehyde or ketone.
Nature has invented different classes of HNLs, includingbase in PaHNL1 would be His459 and His497, neither
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Data Collection and Processingone related to FAD-dependent oxidoreductases (FAD-
Two data sets were collected on native PaHNL1 crystals; native dataHNL) and one related to / hydrolases. They differ with
set 1 was collected at the EMBL beamline BW7B (DESY Hamburg,respect to their substrate specificity, stereoselectivity,
Germany) equipped with a mar345 imaging plate detector, and na-
and probably with respect to their catalytic mechanisms, tive data set 2 was collected at beamline ID 14-3 at the European
although kinetic data suggest for both classes of en- Synchrotron Radiation Facility (ESRF) in Grenoble (France), which
was equipped with a marCCD detector system. While data set 2zymes a mechanism involving the sequential release of
extends to higher resolution (1.45 A˚) than data set 1 (1.8 A˚), datafirst HCN and then the aldehyde or ketone [25, 50, 60].
collection for data set 2 had to be interrupted at the end of theThe first 3D structure of an FAD-HNL confirms the
allocated beam time, leaving the data incomplete (see Table 1). Data
predicted membership to the GMC oxidoreductase fam- set 2 was collected from a crystal soaked in a sodium tungstate-
ily and reveals a high similarity to glucose oxidase (GOX) containing solution with the hope to obtain a heavy atom derivative.
and to cholesterol oxidase (CHOX), extending to the As it turned out, no tungsten sites were observed. The data set was
primarily used in the course of the structure solution since the crystalpresence of residues implicated for oxidase activity.
showed better isomorphism to the mercury derivative crystal usedFAD-HNL is a very unusual FAD-dependent enzyme
for the multiple anomalous dispersion (MAD) experiment (see be-wherein the redox properties of the cofactor do not
low). All diffraction data were collected at cryogenic temperatures.
participate in the catalytic reaction, suggesting that the Before flash freezing, crystals were briefly soaked in a solution de-
cofactor is an evolutionary remnant from an oxidoreduc- rived from the mother liquor by replacing half of the isopropanol by
8% 2-methyl-2,4-pentanediol and adding 7% PEG 400 as additionaltase precursor (most probably an aryl alcohol oxidase).
cryoprotectant. The crystals belong to space group P1 with cellSurprisingly, from observing the structure, it is neither
parameters a 
 56.2 A˚, b 
 67.5 A˚, c 
 79.8 A˚,  
 79.6,  
obvious why PaHNL1 does not display oxidase activity
77.8, and  
 67.2. Self-rotation functions are consistent withnor obvious how it has acquired the capability for cyano- the presence of a 2-fold noncrystallographic symmetry (NCS) axis
hydrin cleavage. Active-site residues of the / hy- relating two molecules of PaHNL1 in the asymmetric unit (Vm 

drolase-type HNL include a catalytic triad as a putative 2.20 A˚3/Da).
Numerous attempts to prepare isomorphous heavy-atom deriva-general base and a lysine stabilizing the cyanide ion.
tives to solve the structure by MIR techniques were unsuccessfulNeither of these features appears to be present in the
due to a lack of isomorphism of the derivative crystals with theputative active site of PaHNL1, suggesting that the
native ones. Eventually, a mercury derivative (prepared by soaking
mechanism is either different between the two enzyme a crystal for 3 days in mother liquor containing millimolar amounts
classes or that the same mechanism can be solicited by of methylmercuric acetate) was used to solve the structure by MAD.
MAD diffraction data were collected at the ESRF beamline BM-a somewhat different arrangement of catalytic residues.
14 with a marCCD detector system. Three data sets were collectedThe independent evolution of HNLs from different an-
around the Hg LIII-edge to 2.1 A˚ resolution from a triclinic derivativecestors suggests that the development of cyanohydrin
crystal at 	1
 1.00904 A˚ (inflection point), 	2
 0.918407 A˚ (peak),cleavage activity is a relatively “easy” task. This agrees and 	3
 1.00888 A˚ (more precise inflection point, after data inspec-
with the fact that the same reaction occurs spontane- tion during the experiment). A total of 240 frames of 1.5 oscillation
were collected with a 35 s exposure time. Due to technical problemsously in solution at sufficiently high pH. In essence, the
with the X-ray shutter, only fully recorded reflections could be used“only” objective of an oxynitrilase enzyme is to create
for the 	3 data set. Data processing was carried out with the pro-a microenvironment with a sufficiently high pH or, alter-
grams DENZO and SCALEPACK [62]. Data collection statistics are
natively, to shift the pKa of cyanohydrin and hydrocyanic summarized in Table 1.
acid.
MAD Phasing and Model Building
The program SOLVE [63] was used to locate eight mercury positions,
Experimental Procedures which were used for phasing with the same program (overall Z
score value 
 29.2, figure of merit [FOM] 
 0.61). Following phase
Enzyme Preparation and Crystallization improvement by solvent flattening and histogram matching (pro-
PaHNL was purchased from Sigma as ammonium sulfate precipitate gram DM [64], 43% solvent content), an initial Fourier map showed
apparently containing several isoforms. Separation of the isoforms the protein-solvent boundaries, but only a few secondary structure
was accomplished by a hydrophobic-interaction chromatographic elements. The position and orientation of the noncrystallographic
step (to reduce the salt concentration) followed by anion exchange symmetry axis was subsequently deduced from the mercury posi-
chromatography. The (NH4)2SO4 PaHNL precipitate-containing sus- tions (program FINDNCS [65]) and found to agree with the self-
pension was diluted until the precipitate dissolved, centrifuged, and rotation function map. The electron-density map could then be tre-
loaded on a Phenyl-sepharose column (Pharmacia Biotech; Upp- mendously improved by applying NCS averaging in addition to sol-
sala, Sweden), which had been equilibrated with a 50 mM phosphate vent flattening and histogram matching (program DM, FOM 
 0.80).
buffer (pH 7) containing 1.2 M (NH4)2SO4. The column was eluted Since the high-resolution native data set (native data set 2) was
with the same buffer devoid of (NH4)2SO4. After buffer exchange on poorly isomorphous to the mercury derivative data sets, phase ex-
a PD-10 column (Pharmacia Biotech) to 20 mM piperazine-Cl (pH tension was carried out to 1.8 A˚ with native data set 1. Automatic
5.5), the isoforms were separated on a Resource Q column (Phar- model building with the WarpNtrace procedure of ARP [66] to these
macia Biotech) by using a very flat NaCl salt gradient. data and the improved experimental phases resulted in model frag-
Single crystals suitable for X-ray analysis were obtained with a ments of 13 chains with 997 residues at a connectivity of 0.96 for
slightly modified version of the published crystallization protocol both molecules in the asymmetric unit. Further model building was
[61]. Yellow crystals were grown in hanging drops with PEG and performed manually with the molecular graphics package O [67].
isopropanol as precipitants; the best crystals were obtained with
the following reservoir composition: 20% PEG 4000, 16% isopropa- Refinement
nol, and 0.1 M Na-Hepes (pH 7.5). Drops were prepared by mixing The initial model for refinement contained two chains of 521 and
2 l of reservoir solution with 2 l of protein (concentration, 12 517 residues with one FAD molecule each. One round of rigid-body
mg/ml) dissolved in a 10 mM citrate buffer (pH 5.5). The triclinic refinement was carried out against data to 3.0 A˚ resolution (native
crystals used for structure solution cocrystallized occasionally with data set 2), followed by a simulated-annealing step against a maxi-
a monoclinic crystal form, which was hard to distinguish optically mum-likelihood target to 2.0 A˚ resolution with the program suite
Crystallography and NMR System (CNS; [68]). CNS topology andfrom the triclinic crystals.
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parameter files for the FAD and the isopropanol were obtained from We also thank the members of the Spezialforschungsbereich Bioka-
talyse, specifically Herfried Griengl and Helmut Schwab, for theirthe HIC-up data base [69]. The resulting residuals were R 
 25.3%
and Rfree
 27.8% (R
  || Fobs | | Fcalc || /  | Fobs |; Rfree calculated with continued interest, encouragement, and support. Data were col-
lected at the European Molecular Biology Laboratory beamlines10% randomly chosen reflections excluded from the refinement).
Subsequent rounds of maximum-likelihood refinement and bulk sol- BW7B at DESY in Hamburg, Germany, and at beamlines BM14 and
ID 14-3 at the European Synchrotron Radiation Facility in Grenoble,vent correction with all data (25–1.47 A˚) were performed with CNS.
Each cycle of refinement was followed by manual model rebuilding France. We acknowledge the help of the beamline scientists at
both facilities. The travel expenses for our synchrotron visits werewith the program O. No NCS restraints were applied during the
whole refinement process in order to determine the differences be- reimbursed by the European Commission through TMR grants allo-
cated to the EMBL outstations in Grenoble and Hamburg. This re-tween the two molecules. Water molecules were accepted based
on the quality of the electron density. Only water molecules with B search was funded by the O¨sterreichischer Fonds zur Fo¨rderung
factors less than 50 A˚2 and reasonable hydrogen bonding geometry der wissenschaftlichen Forschung through the Spezialforschungs-
were included. During the final refinement stages alternate confor- bereich Biokatalyse and through project 13283.
mations were modeled and refined. At the close of refinement, the
crystallographic residuals were R 
 16.2% and Rfree 
 18.8% for Received: April 9, 2001
data between 25 and 1.47 A˚ resolution. Average B factors (in A˚2) Revised: August 6, 2001
were 12.5 for main chain and 14.8 for side chain atoms, 28.0 for Accepted: August 6, 2001
solvent atoms, 7.4 for atoms of the cofactor, and 35.3 for carbohy-
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